Abstract-Phagocytic activity as a function of the reticuloendothelial system (RES) has been studied in ethionine induced liver injury by using the carbon clearance test. Liver damage in male and female mice was induced by DL and L-ethionine injections (1000 mg/kg/day, i.p.). In both female and male mice, a single dose or three injections of DL or L-ethionine caused increases in liver/body weight ratio, A/G ratio, GOT and GPT levels, and BSP retention.
Abstract-Phagocytic activity as a function of the reticuloendothelial system (RES) has been studied in ethionine induced liver injury by using the carbon clearance test. Liver damage in male and female mice was induced by DL and L-ethionine injections (1000 mg/kg/day, i.p.). In both female and male mice, a single dose or three injections of DL or L-ethionine caused increases in liver/body weight ratio, A/G ratio, GOT and GPT levels, and BSP retention.
There was the decrease of the total protein levels in the serum.
The degree of liver injury was more severe after three injections of DL and L-ethionine than after a single injection of them.
After a single injection of ethionine, the L-isomer induced a slightly greater response than the racemic mixture, except for BSP retention.
On the other hand, phagocytic activities by the carbon clearance test were increased after a single injection or three injections of DL and L-ethionine.
That is, the K value was increased in all ethionine treated mice except for females with three injections of DL-ethionine. The a value was increased after three injections in DL and L-ethionine treated males and DL-ethionine treated females.
In addition, the increase in carbon uptake by Kupffer cells can be seen by light microscopy after a single injection or three injections of DL or L-ethionine.
These findings indicate that ethionine injections induce the enhancement of RES phagocytosis, although the biochemical parameters indicating liver injury are changed severely. These results support the data indicating no correlation between the alteration of RES activity and the degree of liver injury.
A previous study (1) on the function of the reticuloendothelial system (RES) in CC14 induced liver injury in mice indicated that RES phagocytosis was suppressed more strongly in chronic liver injury by 15 CCI4 injections than in acute injury by a single one. However, the biochemical parameters indicating liver injury were found to have an opposite tendency.
A clear correlation between the alteration of RES activity and the degree of liver injury in CCI4 treated mice was not noted. It therefore seemed interesting to study RES activity in another type of liver injury. Ethionine is well-known to induce liver damage, but there have been few reports about the RES function in this type of injury. The present study was undertaken to examine the function of RES using the carbon clearance test in mice with liver injury induced by DL or L-ethionine. Ethionine (amino ethylmercaptobutyric acid), an antagonist of methionine, had been shown to induce a more severe response in the liver of female rats than male ones (2, 3) . Therefore, we used male and female mice as the experimental animals. We discuss the sex-related difference and the relationship between RES function and liver injury.
Materials and Methods Animal and drug administration:
Male and female ddY mice, 5 weeks of age at the start of the experiments, were fed with a stock diet (MF, Oriental Yeast Co. Ltd.) and tap water ad libitum under standard laboratory con ditions. The male and female mice were divided into three groups: saline control group, DL-ethionine treated group and L ethionine treated group. DL and L-Ethionine were purchased from Sigma Chemical Company, Ltd. Each animal received 1000 mg/kg of DL or L-ethionine (i.p.) to induce acute liver damage, and control animals received 0.9% NaCI solution. To both male and female mice, each drug was given for three consecutive days or given as a single administration. Twenty-four hr after a single injection or 24 hr after the last injection when the mice were given three injections, we examined the degree of liver injury and phagocytic activity.
Measurements of liver injury and phago cytic activity: To assess the degree of liver damage, we examined the liver/body weight ratio and serum GOT and GPT levels using the transaminase C-test (Wako Pure Chemical Industries, Ltd.). The total level of serum protein was determined by a refracto meter (Atago Optical Works Co., Ltd.), Analysis of serum protein fractions was carried out by electrophoresis, and the A/G ratio was calculated from these results. The BSP test was determined from the disap pearance rate of BSP from mouse blood 15 min after an intravenous injection of 5 mg/kg of BSP.
The carbon clearance test, which measured the intravascular removal rate of colloidal carbon (Pelikan, Germany), was used to examine the phagocytic capacity of RES. The mice received an intravenous injection of 1.6 mg/10 g body weight of prewarmed (37°C) colloidal carbon, prepared in sterilized physiological saline. Methods to obtain blood samples and other procedures were described in a previous paper (1) . The global phagocytic index K and the corrected phagocytic index a were determined from the value of the phagocytic activity at 7 min after an intravenous injection of colloidal carbon into the tail vein.
Peritoneal exudate cells (PEC) were obtained from the peritoneal cavity of the mice after an intraperitoneal injection of 3 ml of sterilized saline containing 1 U of heparin per ml. We collected PEC using the method reported in a previous paper (1) The apparent increase in the ratio of liver/body weight was found in all the treated mice, except for males given a single DL-ethionine Injection (Fig. 1 ).
Control mice were given 0.1 ml/10 g of 0.9% NaCI solution (i.p.): ethionine (E) treated mice were given DL and L-ethionine (1000 mg/kg, i.p.). x 1 shows a single injection of saline, DL-ethionine and L ethionine and x 3 shows three injections daily of each solution.
Each value shows the body weight after the fasting for 17 hr. *: significantly different from the control value with P<0.05 (Student's t-test).
2. Serum protein level and serum protein fraction by electrophoresis: Significant decrease in the total protein level in serum was found in all treated mice, except males and females with a single injection of DL ethionine (Fig. 2) . On the other hand, the relative increase in albumin and the relative decrease in a-globulin occurred in all treated mice. The relative decrease in 19-globulin was observed in females after a single injection of L-ethionine. After three injections of DL and L-ethionine, the relative decrease in (3 globulin was found in both mice. Significant elevation of r-globulin was found in male mice after the ethionine injections. However, in female mice, only three injections of L ethionine induced the apparent increase in r globulin (Table 2 ). An increase in A/G ratio For details, see Table 1 . Fig. 2 . Effect of a single injection or three injections of DL and L-ethionine on total protein levels in serum. Total protein levels in serum were determined by a refractometer, and they are shown in g/dl. * , **: significantly different from the control value with P<0.05, P<0.01, respectively (Student's t-test). For details, see Table 1 .
was found in all the experimental groups ( Fig. 3 ). 3. Level of serum transaminase: The levels of GOT and GPT in serum were very high after the three injections of DL and L ethionine in male and female mice. After a single injection, the serum transaminase did not change in male mice, while the level of GOT and GPT showed a significant increase in female mice (Fig. 4) . 4 . BSP test: The retention rate of control groups in the BSP test was 2.57±1.82% in male mice and 4.37±2.13% in female mice. The result of the BSP test was shown by % ratio compared with the saline control. Retention of BSP did not occur after a single injection of DL and L-ethionine in male and female mice. After three injections of DL and L-ethionine, very remarkable retention was found in male mice, but not in female mice Table 2 . Effect of a single injection or three injections of DL and L-ethionine on the serum protein fraction by electrophoresis Each value represents the mean % value with S.D. *, **, ***: significantly different from the control value with P<0.05, P<0.01, P<0.001, respectively (Student's t-test).
For details, see Table 1 . For details, see Table 1 . For details, see Table 1 .
( Fig. 5) . 5. The phagocytic activity: After a single injection of DL and L-ethionine, the K value increased apparently in both mice. After three injections of DL and L-ethionine, the K value increased much more than after a single injection of them in both mice. However, there was no statistically significant difference in females after three injections of DL-ethionine, because of the wide variation in values among the mice. The a value which describes the level of phagocytic activity in the liver and spleen also did not change significantly after a single injection in both mice. However, the a value increased after three injections of DL and L-ethionine in male mice and after three injections of DL ethionine in female mice (Fig. 6) .
6. Lysosomal enzyme activity of PEC: Table 3 shows the activities of acid-phos phatase and (3-glucuronidase, lysosomal enzymes of PEC, after DL-ethionine injection in male mice. After a single injection of ethionine, no apparent change was found. After three injections of DL-ethionine, i glucuronidase activity showed a very high level.
7. Light microscopic observations of carbon uptake in the liver and spleen of ethionine treated mice: In the liver of both For details, see Table 1 . mice, severe fatty degeneration and often the swelling of the hepatic cytoplasm, disap pearance of nuclei, centrilobular necrosis and hemorrhage could be seen 24 hr after a single injection or after three injections of DL and L-ethionine. The carbon uptake by Kupffer cells of ethionine treated mice was increased apparently compared to that of the saline treated mice (Fig. 7) . In the spleen of ethionine treated mice, neither significant differences in the carbon uptake rate nor histological differences were found compared to that of the control mice (data not shown).
8. Light microscopic observations in the pancreas of ethionine treated mice: Figure 8 shows the pancreas from mice given three injections of DL and L-ethionine. Extensive acute necrosis and fat necrosis of the acinar cells were observed. The degree of injury was more severe in mice given three in jections of DL and L-ethionine than in those given a single injection of them. The islet cells were not damaged in any of the experi mental groups.
Discussion
It has been reported that the RES function increases in acute hepatitis and infectious diseases (4, 5), while it decreases in alcoholism and in certain forms of liver disease and the susceptibility to infections increases. However, there are only a few reports on the RES function in animals with hepatic injury induced by toxic agents. We examined phagocytic activity, which plays one of the most important roles among many RES functions, in ethionine treated mice using the carbon clearance test. Ethionine, the ethyl analog of methionine, has chemical and physical properties that closely resemble those of methionine. It was first synthesized by Dyer in 1938. The administration of DL ethionine to female rats by a stomach tube was followed rapidly by the accumulation of excess lipid in the liver (6) .
In our experiments, the racemic mixture (DL-ethionine) and L-isomer of ethionine were used to induce liver injury in mice. Our results showed significant increases in liver/ body weight ratio due to body weight loss, serum GOT and GPT levels and albumin and r-globulin, while an apparent decrease in the serum total protein was shown in all ethionine groups. At the same time, significant increase in the phagocytic indices was found, and the enhancement of carbon uptake by Kupffer cells could be seen by light microscopy after ethionine treatments. Increased reticulo endothelial phagocytic (REP) indices have been found in some forms of liver disease, largely independent of etiology or severity (7). Paumgartner et al. (4) have shown an increased REP capacity in viral hepatitis related to Kupffer cell hyperplasia. Monocytes are considered to be precursors of resident macrophages according to the mononuclear phagocyte system and are known to be recruited to the liver from the bone marrow (8). Previous studies showed that during an inflammatory reaction in the peritoneal cavity, the monocyte production in the bone marrow increased (9). It might be assumed that this monocyte production also occurred during an inflammatory reaction in the liver (8). In that case, it is likely that these extra produced monocytes leave the bone marrow rapidly and migrate to the liver (8). Crofton et al. (10) reported that during the normal steady state, 56% of the monocytes leaving the circulation became Kupffer cells. During an acute inflammatory reaction in the liver, the increased macrophages are derived from monocytes. From these reports, the increase in REP indices in the ethionine treated mice may be due to the acute inflammatory reaction.
Histochemical enzymatic staining reactions were applied to the livers of rats with the oral administration of DL-ethionine (11). Striking increases of esterase and acid phosphatase activities were observed in the Kupffer cells, and this increase indicated the marked stimulation of the RES. In the present experi ment, phagocytic activities were increased significantly after injections of DL and Lethionine. We observed the increase in the rate of carbon uptake by Kupffer cells micro scopically. Moreover, we found the tendency to increase in acid phosphatase and 3 glucuronidase activities in PEC after three injections of DL-ethionine. Murine PEC have been demonstrated to be cells with ring-shaped nuclei and macrophage-like cytoplasm that have the properties of mononuclear phagocytes. On the other hand, cells with ring-shaped nuclei and PMN-like cytoplasm have the properties of neutrophilic PMN (12). Furthermore, the lysosomal enzyme activity of PEC is considered to be one criteria indicating the activation of phagocytes (13). Therefore, the increase in lysosomal enzyme activity of PEC after three injections of DL-ethionine means the enhancement of the activity in RES.
It is widely believed that liver damage induces the decrease of total protein and albumin concentrations in serum. Berry and Friedman (14) showed that both hepatic RNA and protein synthesis were inhibited by DL ethionine treatment. In our experiments, the decrease of serum protein level was obtained due to the inhibition of hepatic protein syn thesis. However, the experimental conditions using DL and L-ethionine induced the relative increase in albumin concentration. Wang et al. (15) also reported the similar results on albumin using rabbits and dogs.
In the present results, the relative increase in albumin was associated with a marked decrease of a-globulin. An apparent decrease of a-globulin was observed in all the ethionine treated mice. 3-Globulin showed a mild decrease after a single injection of L ethionine in females and after three injections of DL and L-ethionine in both mice. These results can be explained from the previous report (16). Most (75-90%) of the a globulins were produced by the liver, but only about 50% of the 8-globulins were of hepatic origin. Compared to these changes in ethionine treated mice, our previous report after a single injection of CC14 showed a different result: we found that there was an apparent increase in a-globulin and a mild increase in (3-globulin. One possible expla nation is that some glycoproteins may be increased after tissue injury. As a result of a variety of injurious conditions, these glyco proteins are generally in the a-globulin fractions (16). The present result showed that the r-globulin levels of the female controls were higher than those of the male ones. This result is consistent with the report of Butterworth et al. (17). They determined immunoglobulins in normal adults and children, and showed that females had higher levels of immunoglobulins than males did. Hypergammaglobulinaemia was found in both liver disease induced by CC!4 and ethionine in mice, as well as in patients with liver disease (18). As for the serum transaminase, a single injection of ethionine induced the mild increase in GOT and GPT in female mice. Three injections of ethionine induced very high levels of GOT and GPT in both mice. On the other hand, a single injection of CC14 showed high increases of GOT and GPT in male mice. However, 15 injections of CC14 showed a mild increase in only the GPT level. The reason for this is that a high dosage of CC14 after a single treatment does not show high toxicity for cells in rats, because •CC13 formation after a single injection of CC14 is decreased by the suppressed activity of cytochrome P-450 (19).
D and L-Ethionine are equipotent in hibitors of murine hepatic RNA synthesis at an intraperitoneal injection of 320 mg/kg or above (16). While D-ethionine caused 100% mortality at this dose and L-ethionine caused no mortality at much higher doses. Therefore, lethality of ethionine stereoisomers does not parallel their potency as inhibitors of RNA synthesis in mice (20) . Under our experimental conditions, there was no mortality after injection of DL-ethionine (1000 mg/kg, p.o.). As for the liver injury, three injections of DL and L-ethionine induced almost the same response in the mice. After a single injection of ethionine, the L-isomer induced a slightly greater response than the racemic mixture did.
Some reports have indicated that there is a sex-related difference in the response of the liver to ethionine using rats (6) . In a study on Wistar rats, ethionine administration inhibited protein synthesis in the liver of females but not in that of males (21) . Another report showed that there was no sex differ ence in the inhibition of RNA and protein synthesis in Swiss mice (14). The present results also showed that ethionine treatments induced about the same degree of liver injury and phagocytic activity in both mice. However, the BSP retention rate rose higher in males than in females after three injections of ethionine.
BSP retention mirrored the increase in liver fat (3) . Under these experi mental conditions, both mice showed almost the same degree of fat accumulation in the liver (data not shown). The existence of sex difference in the induction of fatty liver by ethionine has not been clearly established in any species other than the rat. In the case of mice, the development of fatty liver is difficult to study except under rigidly controlled dietary conditions, since this species, unlike the rat, rapidly accumulates large amounts of lipid on fasting (6) . The exact reason for the sex difference in BSP retention is not clear.
In our previous paper, we reported that CC14 induced liver injury produced no enhancement of RES phagocytosis, but caused a suppression of it (1). Carbon clearance rates are affected by intravascular coagulation and fibrinolysis, platelet ag gregation and disaggregation, the number and activity of phagocytic cells and blood flow through the RES system (22) . We have already reported there were decreases of coagulative and fibrinolytic activities in CC14 induced liver injury (23) . In addition, the activities of platelet aggregation by ADP and collagen were also suppressed in this liver injury (24) . Therefore, the decrease in RES phagocytosis in CC14 induced liver injury is due to these suppressive effects. On the other hand, patients with pancreatitis had an enhancement of the blood coagulation (25) , and ethionine administrations induced acute pancreatitis in mice in this experiment. It is possible that ethionine treatments induce the enhancement of platelet functions and coagulative activities, and these effects cause the increase in RES phagocytosis.
Durand et al. reported that when L-(1,2 ethyl-14C) ethionine at 0.8 mg/kg (100 ,tCi/ kg) was given to rats, the highest uptake of radioactivity was found in the pancreas and the liver (26) . At 24 hr after a single injection or three injections of DL-ethionine, we observed severe fatty degeneration, cen trilobular necrosis and hemorrhage in the liver. Extensive acute necrosis and fat necrosis of the acinar cells in the pancreas were seen by light microscopy. Ethionine produces extensive damage to various organs in rabbits and dogs (27) . The pathologic changes consist especially of degeneration followed by necrosis of parenchymal cells. Inflammation is secondary to tissue des truction. In our results using mice, we can observe the necrosis and hemorrhage with inflammatory infiltration in the liver. This inflammatory reaction may cause an enhance ment of the RES function, because of the marked Kupffer cells proliferation (8). Another report also indicated the importance of an inflammatory reaction. That is, glucan administration significantly enhanced REP activity due to induction of an inflammatory response. However, glucan administration to indomethacin pretreated animals did not significantly enhance REP activity (28). Furthermore, we can not neglect the capacity of the endothelial cells in the clearance of the colloidal carbon from the blood (29).
Finally, our study has demonstrated that ethionine treatments induce the increase in RES activity, although many parameters indicating liver injury are changed severely. These results support the data indicating no correlation between the alteration of RES activity and the degree of liver injury. In ethionine induced liver injury, the function of RES, as monitored by the carbon clearance test, may be altered by the degree of inflammatory reaction.
